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We provide some critical remarks on the recently proposed two-component parametrization of nuclear
parton distribution functions, which was motivated by the apparent correlation between the nuclear
modifications of structure functions and nucleon-nucleon short-range-correlation phenomena. This
parametrization, we show, is invariant under a rescaling transformation of the involved abundance
coefficients, which means that the global normalization of these coefficients cannot be meaningfully
determined in a fit, and only their ratios should be studied for finding evidence of short-range-correlation–
type behavior at parton level. As we show, however, the current constraints for the nuclear-mass
dependence of these coefficients allow also for interpretations different from short-range correlations.
Nevertheless, this two-component parametrization exhibits a similar scaling relation for deep inelastic
scattering structure functions as demonstrated in earlier works, and, as we demonstrate, yields testable
predictions for structure-function and hard-process cross-section ratios. We also note on the nontrivial
isospin dependence of the short-range-correlation motivated parametrization, which under the proton-
neutron pair dominance assumption can lead to charge-symmetry-violation resembling terms.
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I. INTRODUCTION

The mechanism behind nuclear modifications of a
nucleon partonic structure has been subject to immense
discussion ever since their first observation in early fixed-
target lepton-nucleus deep inelastic scattering (DIS) experi-
ments [1]. Very recently, a new way of connecting these
parton-level nuclear modifications with the nucleonic
nuclear structure was proposed in terms of a short-range-
correlation (SRC) motivated parametrization of the nuclear
parton distribution functions (nPDFs) [2]. This idea was
based on earlier evidence of a correlation between the DIS
structure function and quasielastic (QE) scattering data,
which has been linked with nucleon-nucleon SRCs [3]. The
new approach relies on two assumptions: the partonic
structure of the nucleons in nuclei are unmodified com-
pared to free nucleons, except when they are bound in SRC
pairs, and the modifications in SRC pairs are universal,
independent of the nucleus. Within this two-component
model, one then parametrizes the PDFs for nucleons in

SRC pairs, fitting the parameters with global hard-process
cross-section data, while taking the unmodified quasi-free
nucleon PDFs as fixed from a separate global analysis. This
contrasts the new approach from conventional global fits
of nPDFs [4], where one traditionally parametrizes the
(effective) bound-nucleon PDFs without separating them
into two distinct components.
This article should be seen as both appraisal and

criticism of the approach taken in Ref. [2]. First of all,
we credit the work in Ref. [2] for taking the SRC-motivated
approach to the parton-distribution global-analysis level,
which makes it possible to extend the analysis beyond DIS
structure functions where the approach is typically applied
in and, as we will show, leads to predictions that can be
potentially tested against future data from the Electron-Ion
Collider (EIC) and CERN Large Hadron Collider (LHC).
In particular, we find scaling relations for ratios of structure
functions and cross sections of different-mass nuclei,
similar to what has been discussed in Refs. [5–10] but
noting that their validity extends to a wide class of
observables and for isoscalar nuclei also beyond the
proton-neutron pair dominance assumption. However, we
also provide some, hopefully constructive, criticisms by
pointing out that the way the SRC-motivated parametriza-
tion is done in Ref. [2] suffers from a rescaling invariance
which makes the normalization of the modified-nucleon
abundance coefficients extracted there nonunique and
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specific to the applied parametrization of the SRC PDFs.
As we will show, only the ratios of these coefficients can
be constrained meaningfully in an nPDF fit, for which
purpose we provide an alternative formulation of the
SRC-motivated parametrization. We further argue that
these coefficients allow for other interpretations than being
SRC abundances, and the current constraints on their
nuclear-mass dependence can be described by any model
with an approximate volume scaling with a surface cor-
rection. In addition, we show that assuming isospin
symmetry for the SRC PDFs and proton-neutron pair
dominance for the abundance coefficients leads to charge-
symmetry-violation (CSV)–like terms for the average
bound-nucleon PDFs.

II. NUCLEAR PDFS FROM SRC PDFS
IN TWO-COMPONENT APPROACH

It is customary to decompose the nPDFs as

fAi ðx;QÞ ¼ Z
A
fp=Ai ðx;QÞ þ N

A
fn=Ai ðx;QÞ; ð1Þ

where fAi ðx;QÞ is the PDF of the full nucleus with Z
protons and N ¼ A − Z neutrons (normalized to per-
nucleon level), and fp=Ai ðx;QÞ and fn=Ai ðx;QÞ denote the
bound-proton and bound-neutron PDFs, respectively. Here,
x is the (per-nucleon) momentum fraction and Q the
factorization scale. As has been stressed many times in
the literature, these bound-nucleon PDFs are an effective
description of how the parton distributions of the protons
and neutrons bound in the nucleus look on average.
Equation (1) should thus not be interpreted in the way
as indicating each and every bound proton and neutron
being modified the same way, but works as a more general,
averaged, description of the nPDFs.
In the SRC-motivated nPDF parametrization of Ref. [2],

these effective average bound-nucleon PDFs are written as

fp=Ai ðx;QÞ ¼ ð1 − CA
pÞ × fpi ðx;QÞ þ CA

p × fSRCpi ðx;QÞ;
fn=Ai ðx;QÞ ¼ ð1 − CA

nÞ × fni ðx;QÞ þ CA
n × fSRCni ðx;QÞ;

ð2Þ

separating the contributions from the unmodified quasi-free
nucleons fpi ðx;QÞ, fni ðx;QÞ, and from the nucleons in SRC
pairs fSRCpi ðx;QÞ, fSRCni ðx;QÞ. The relative size of the
contribution from the latter on the full nucleus PDFs is
determined by the SRC-nucleon abundance coefficients
CA
p, CA

n . Similar SRC-motivated decompositions have
appeared previously for DIS structure functions [5,6]
and at the level of PDFs [7–10], typically within the
proton-neutron (pn) pair dominance assumption where
the number of modified pairs is fixed to nApn ¼
ZCA

p ¼ NCA
n , but Ref. [2] appears to be the first publication

applying this formalism to a global fit of nPDFs in a
simultaneous analysis of multiple observables.
It should be noted that Eq. (2) is quite general, and nuclear

effects arising from phenomena different from nucleon SRCs
could manifest themselves in a similar form. In fact, “SRC”
could be traded here with any “exotic” component
(cf. Ref. [11]). Still, as will be shown below, Eq. (2) is
more restrictive than a fully general form of the bound-
nucleon PDFs fp=Ai ðx;QÞ, fn=Ai ðx;QÞ, and leads to testable
predictions. Note, in particular, that due to the linearity of
Dokshitzer-Gribov-Lipatov-Altarelli-Parisi (DGLAP) equa-
tions [12–15], if Eqs. (1) and (2) hold at a particular scaleQ,
they must hold also at any other perturbative scale.

III. ISOSPIN RELATIONS

In the conventional global nPDF fits, one typically
assumes the isospin symmetry (IS) between the
average bound-nucleon PDFs, fp=Au ðx;QÞ ¼ fn=Ad ðx;QÞ,
fp=Ad ðx;QÞ ¼ fn=Au ðx;QÞ, etc. This, in fact, implicitly
assumes that these bound-nucleon PDFs depend on the
nucleus only through the mass number A, independently of
the Z=N ratio. With the CA

p, CA
n coefficients in the SRC

motivated approach being in principle allowed to differ for
isobar nuclei, we have to expand the notation to find the
correct isospin relations. In general terms, swapping u and
d quarks under the IS transforms a state with Z protons and
N neutrons into a state with Z0 ¼ N protons and N0 ¼ Z
neutrons, which under the operator definition of parton
distributions [16] requires that

fðZ;NÞ
u ðx;QÞ ¼ fðZ

0¼N;N0¼ZÞ
d ðx;QÞ; fðZ;NÞ

ū ðx;QÞ ¼ fðZ
0¼N;N0¼ZÞ

d̄
ðx;QÞ; fðZ;NÞ

i≠u;d;ū;d̄ðx;QÞ ¼ fðZ
0¼N;N0¼ZÞ

i ðx;QÞ: ð3Þ
As special cases, for isoscalar nuclei (Z ¼ N ¼ A=2) one has

fðZ¼NÞ
u ðx;QÞ ¼ fðZ¼NÞ

d ðx;QÞ; fðZ¼NÞ
ū ðx;QÞ ¼ fðZ¼NÞ

d̄
ðx;QÞ; ð4Þ

and for free nucleons p ¼ ðZ ¼ 1; N ¼ 0Þ, n ¼ ðZ ¼ 0; N ¼ 1Þ the typical relations

fpuðx;QÞ ¼ fndðx;QÞ; fpdðx;QÞ ¼ fnuðx;QÞ; fpūðx;QÞ ¼ fn
d̄
ðx;QÞ; fp

d̄
ðx;QÞ ¼ fnūðx;QÞ; fp

i≠u;d;ū;d̄ðx;QÞ ¼ fni ðx;QÞ
ð5Þ

are recovered.
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These relations do not fix the isospin relations of the SRC PDFs or the associated abundance coefficients completely, but
additional assumptions are needed also in this case. By extending the free-nucleon IS relations to hold also for the quasi-free
nucleons and similarly for the SRC PDFs,

fSRCpu ðx;QÞ ¼ fSRCnd ðx;QÞ; fSRCpd ðx;QÞ ¼ fSRCnu ðx;QÞ;
fSRCpū ðx;QÞ ¼ fSRCn

d̄
ðx;QÞ; fSRCp

d̄
ðx;QÞ ¼ fSRCnū ðx;QÞ; fp

i≠u;d;ū;d̄ðx;QÞ ¼ fni ðx;QÞ; ð6Þ

it follows from Eq. (3) that

Z
A

�
CðZ;NÞ
p − CðZ0¼N;N0¼ZÞ

n

�h
fSRCpu ðx;QÞ − fpuðx;QÞ

i
þ N

A

�
CðZ;NÞ
n − CðZ0¼N;N0¼ZÞ

p

�h
fSRCpd ðx;QÞ − fpdðx;QÞ

i
¼ 0; ð7Þ

with similar relations for i ≠ u, d. Assuming nonzero
SRC PDF modifications, fSRCpi ðx;QÞ − fpi ðx;QÞ ≠ 0,
that are universal (independent of A) but flavor depen-
dent, the above can hold for all nuclei simultaneously
only if

CðZ;NÞ
p ¼ CðZ0¼N;N0¼ZÞ

n ð8Þ

applies for mirror nuclei. For isoscalar nuclei, the above
assumptions imply that

CðZ¼NÞ
p ¼ CðZ¼NÞ

n : ð9Þ

For the special case of perfectly u‐d symmetric SRC modi-
fications, fSRCpu ðx;QÞ−fpuðx;QÞ¼fSRCpd ðx;QÞ−fpdðx;QÞ
(ū, d̄ similarly), one has instead a looser condition that
Z
A ðCðZ;NÞ

p − CðZ0¼N;N0¼ZÞ
n Þ þ N

A ðCðZ;NÞ
n − CðZ0¼N;N0¼ZÞ

p Þ ¼ 0,
which is fulfilled automatically for isoscalar nucleiwithout the

need of imposing Eq. (9). However, only the sum CðZ¼NÞ
p þ

CðZ¼NÞ
n would enter in any physical predictions in this case,

leaving their difference irrelevant. Also, if the pn pair
dominance is assumed, Eq. (9) follows by construction. We
will thus assume that Eq. (9) holds, as imposed also inRef. [2].
Furthermore, applying Eqs. (5) and (6) to the definition

of the average bound nucleon PDFs in Eq. (2), we find

fn=Au ðx;QÞ ¼ fp=Ad ðx;QÞ − ðCA
p − CA

nÞ
h
fSRCpd ðx;QÞ − fpdðx;QÞ

i
;

fn=Ad ðx;QÞ ¼ fp=Au ðx;QÞ − ðCA
p − CA

nÞ
h
fSRCpu ðx;QÞ − fpuðx;QÞ

i
: ð10Þ

That is, if IS is assumed to hold for the SRC PDFs as in
Eq. (6), this produces for nuclei with CA

p ≠ CA
n terms

resembling those of CSV [17], similarly to the case of
an isovector mean field PDF modification [18]. However,
as stressed in Refs. [17,18], these CSV-like terms should
not be interpreted directly as CSV in the electroweak-
physics sense since they can originate from genuine nuclear
effects and comply with the global IS. If, conversely,
fn=Au ðx;QÞ ¼ fp=Ad ðx;QÞ is forced at the bound-nucleon
level, this necessarily requires for nonvanishing SRC-
nucleon modifications that CA

p ¼ CA
n for all nuclei. We

thus see that assuming the proton-neutron pair dominance

ZCA
p ¼ NCA

n necessarily leads to CSV-like terms for
nonisoscalar nuclei at the level of bound-nucleon PDFs,
if Eq. (6) is assumed. We should note, however, that
assuming Eq. (6) is not strictly necessary, but it does
reduce the degrees of freedom that need to be fitted
significantly, similarly to the bound-nucleon IS
assumption in conventional nPDF fits.

IV. RESCALING INVARIANCE

We note that the nPDFs defined in terms of Eq. (2) are
invariant under the following transformation:

CA
p → C̃A

p ¼ XCA
p; fSRCpi ðx;QÞ → f̃SRCpi ðx;QÞ ¼ X−1fSRCpi ðx;QÞ þ ð1 − X−1Þfpi ðx;QÞ;

CA
n → C̃A

n ¼ YCA
n ; fSRCni ðx;QÞ → f̃SRCni ðx;QÞ ¼ Y−1fSRCni ðx;QÞ þ ð1 − Y−1Þfni ðx;QÞ; ð11Þ

where X and Y are arbitrary nonzero scalar factors. The reason behind this invariance can be understood by rewriting
Eq. (2) as
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fp=Ai ðx;QÞ ¼ fpi ðx;QÞ þ CA
p

h
fSRCpi ðx;QÞ − fpi ðx;QÞ

i
;

fn=Ai ðx;QÞ ¼ fni ðx;QÞ þ CA
n

h
fSRCni ðx;QÞ − fni ðx;QÞ

i
:

ð12Þ

Here, one can readily observe that any downward or
upward rescaling of the coefficients CA

p, CA
n can be

compensated by adjusting the SRC PDFs to make their
difference with the free-nucleon PDFs respectively bigger
or smaller. We stress that the transformation in Eq. (11) can
be done for any fixed free-nucleon PDFs, and it leaves the
full-nucleus invariant, fAi ðx;QÞ → fAi ðx;QÞ. Therefore, all
physical observables, and any PDF sum rules, are preserved
in the transformation.
Since the SRC PDFs are taken as universal, independent

of the nucleus, this rescaling is a global one; i.e., all the CA
p,

CA
n coefficients must be scaled simultaneously with the

same factors X and Y, respectively, for all A. Furthermore,
if one assumes the isospin symmetry for the SRC PDFs as
given in Eq. (6), or the pn pair dominance, this fixes
X ¼ Y. The factor X, which acts as a global scaling for the
CA
p, CA

n coefficients, is nevertheless still free. This means

that for any given set of CA
p, CA

n , f
SRCp
i ðx;QÞ, fSRCni ðx;QÞ

and fpi ðx;QÞ, fni ðx;QÞ, it is possible to find an alternative
SRC PDF parametrization f̃SRCpi ðx;QÞ, f̃SRCni ðx;QÞ that
produces exactly the same full-nucleus PDFs fAi ðx;QÞwith
arbitrarily large or small coefficients C̃A

p, C̃
A
n . It is thus not

possible to extract the CA
p, CA

n coefficients individually
from an nPDF analysis in a parametrization independent
way. The overall normalization of the values obtained in
Ref. [2] is therefore necessarily specific to the SRC PDF
parametrization given in the Supplemental Material of
that Letter. We further stress this point by noting that if
one would parametrize the SRC PDFs in a form of
fSRCpi ðx;QÞ ¼ fpi ðx;QÞ þ δfpi ðx;QÞ, with δfpi ðx;QÞ an
arbitrary function up to sum-rule requirements—bearing in
mind that a fully general parametrization of the SRC PDFs
could always be written in this form—the global normal-
izations of CA

p and δfpi ðx;QÞ would be perfectly anticorre-
lated and thus unconstrainable in the fit.
Importantly, since the rescaling is global, applying to

all nuclei simultaneously, it leaves the ratios CA1
p =CA2

p ,
CA1
n =CA2

n of any two nuclei invariant. These ratios, or
equivalently the A-dependence of the coefficients, can thus
be extracted uniquely in a global analysis within the two-
component assumption, even if the global normalization
remains unconstrainable. There is a corresponding finding
in the nuclear-structure studies with ab initio quantum
Monte Carlo (QMC) calculations, where different nucleon-
nucleon interactions yield different two-nucleon den-
sities, known as the scheme (interaction-model) and scale
(cutoff regulation) dependence of these calculations [19].

This dependence can also be understood in terms of the
renormalization group evolution of the effective-field-
theory resolution scale [20]. As a consequence, also the
nucleus-dependent nuclear contact terms, which define the
number of SRC pairs in the generalized contact formalism,
can depend on the chosen interaction model. However, the
ratios of different-nuclei contact terms show independence
of the scheme and scale within the theory uncertainties [19].
The natural point of comparison between the SRC PDF
abundance coefficients and the nuclear-theory contact-term
predictions is therefore at the level of these CA1

p =CA2
p ,

CA1
n =CA2

n ratios. Also experimentally, the cross sections
for QE scattering are typically provided in terms of ratios
to light nuclei, providing a common point of reference.

V. RELATION TO NUCLEAR MODIFICATION
FACTOR

The different nPDF parametrizations are often discussed
in terms of the nuclear modification factors for the partons
in bound protons (neutrons),

RpðnÞ=A
i ðx;QÞ ¼ fpðnÞ=Ai ðx;QÞ

fpðnÞi ðx;QÞ
: ð13Þ

Similarly, one can define the modification factor for the
partons in a SRC-pair nucleon,

RSRCpðnÞ
i ðx;QÞ ¼ fSRCpðnÞi ðx;QÞ

fpðnÞi ðx;QÞ
: ð14Þ

From Eq. (2) it then follows that

RpðnÞ=A
i ðx;QÞ ¼ 1þ CA

pðnÞ
h
RSRCpðnÞ
i ðx;QÞ − 1

i
ð15Þ

in the SRC-motivated parametrization. Given the univer-
sality of the SRC PDFs, we immediately see that the SRC
decomposition requires

RpðnÞ=A1

i ðx;QÞ − 1

RpðnÞ=A2

i ðx;QÞ − 1
¼

CA1

pðnÞ
CA2

pðnÞ
; ð16Þ

where the left-hand side depends on the parton flavor i, x,
andQ, but the right-hand side does not. Thus some, but not
all, nPDF parametrizations comply with the SRC-type
decomposition. This is now a strong prediction of the
two-component hypothesis of the SRC parametrization and
has an impact also on structure-function and cross-section
ratios as shown below.
We cannot help but note the similarity of Eq. (15) with the

EPPS21 parametrization [21] where the A-dependence is
given at the parametrization scale Q0 for the strength
of the nuclear modification at the European Muon
Collaboration (EMC) effect minimum xe and antishadowing
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maximum xa (and for sea quarks also at the limit x → 0) as

Rp=A
i ðxj; Q0Þ ¼ 1þ

�
A
Aref

�
γi;jh

Rp=Aref
i ðxj; Q0Þ − 1

i
ð17Þ

for xj ∈ xe; xa (and for xj ¼ 0 when i ¼ q̄). The SRC-
motivated approach and EPPS21 can thus be seen as two
examples of phenomenologically motivated nPDF paramet-
rizations. There are a couple of important differences,
though. First, importantly, the reference nucleus Aref in
the EPPS21 fit is completely arbitrary and carries no
physical meaning. It can be changed freely, Aref → Ãref ,
without changing the results for any physical observables,

as Eq. (17) then simply relates Rp=Ãref
i ðxj; Q0Þ ¼ 1þ

ðÃref=ArefÞγi;j ½Rp=Aref
i ðxj; Q0Þ − 1�. This is similar to the

rescaling invariance discussed above, but since this freedom
relates to the choice of a quantity that is not given any special
physical importance, Aref , which is not (and should not be)
taken as a free parameter, there is no potential danger.
Second, the parameters γi;j are allowed to depend on the
flavor i and the point xj (though the lack of sufficient data
required fixing the flavor dependence in some instances).

This also means that the flavor mixing in the DGLAP
evolution can make the A-dependence different at different
scales. In this sense the EPPS21 parametrization is more
general than the SRC-motivated approach. Third, the
nuclear-mass dependence in EPPS21 follows a monotonous
power-law behavior (except for the lightest nuclei, where
additional parameters are applied for 3He and 6Li), whereas
the SRC-motivated approach is more general in this sense,
since the abundance coefficients are allowed to vary inde-
pendently from nucleus to nucleus.

VI. REFORMULATION OF SRC-MOTIVATED
PARAMETRIZATION

As shown above, the parametrization in Eq. (2) is
problematic due to the rescaling invariance, which prevents
the extraction of the global normalization of the SRC
abundance coefficients if a fully general form of the SRC
PDFs is assumed. We propose here an alternative approach
that circumvents this problem. As in the case of the EPPS21
parametrization discussed above, the two-component para-
metrization can be equivalently formulated in terms of a
reference nucleus Aref as

fp=Ai ðx;QÞ ¼
�
1 −

CA
p

CAref
p

�
× fpi ðx;QÞ þ CA

p

CAref
p

× fp=Aref
i ðx;QÞ;

fn=Ai ðx;QÞ ¼
�
1 −

CA
n

CAref
n

�
× fni ðx;QÞ þ CA

n

CAref
n

× fn=Aref
i ðx;QÞ; ð18Þ

with Eq. (18) following directly from Eq. (2) by writing it in the case of A and Aref and solving the system of equations to get
rid of the direct dependence on the SRC PDFs. Since only ratios of the SRC-abundance coefficients appear, this formulation
is free from the rescaling-invariance problem. One can then parametrize the functions fp=Aref

i ðx;QÞ and fn=Aref
i ðx;QÞ freely,

but respecting the sum rules, and fit to data together with the CA
p=C

Aref
p , CA

n=C
Aref
n ratios. The treatment of IS, assuming

Eq. (6) holds, is simplified if one chooses Aref to be an isoscalar nucleus, as then one can set CAref
n ¼ CAref

p ,
fn=Aref
u ðx;QÞ ¼ fp=Aref

d ðx;QÞ, fn=Aref
d ðx;QÞ ¼ fp=Aref

u ðx;QÞ, etc., but it is also possible to use a nonisoscalar nucleus as a
reference by setting

fn=Aref
u ðx;QÞ ¼ fp=Aref

d ðx;QÞ −
�
1 −

CAref
n

CAref
p

�h
fp=Aref
d ðx;QÞ − fpdðx;QÞ

i
;

fn=Aref
d ðx;QÞ ¼ fp=Aref

u ðx;QÞ −
�
1 −

CAref
n

CAref
p

�h
fp=Aref
u ðx;QÞ − fpuðx;QÞ

i
; ð19Þ

with the ratio CAref
n =CAref

p as a free parameter.
The parametrization in Eq. (18) shares all the same properties as the original one in Eq. (2), for example Eq. (16) follows

directly, but without any reference to the SRC PDFs. These can be recovered, under the SRC interpretation, through

fSRCpðnÞi ðx;QÞ ¼ 1

CA
pðnÞ

h
fpðnÞ=Ai ðx;QÞ − ð1 − CA

pðnÞÞfpðnÞi ðx;QÞ
i
; ð20Þ

where it should not matter which A one uses. However, since only the ratios CA
p=C

Aref
p , CA

n=C
Aref
n are extracted in the fit, one

must fix the coefficients CA
pðnÞ for a single nucleus in order to get the f

SRCpðnÞ
i ðx;QÞ. This emphasizes that model-dependent

information is needed in order to extract the SRC PDFs from an nPDF fit.
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VII. SCALING RELATIONS FOR
STRUCTURE-FUNCTION RATIOS

From the SRC-motivated parametrization, it follows that
any structure function (or cross section) linear in nPDFs,
FA
i ðx;QÞ ¼ P

j CijðQÞ ⊗ fAj ðQÞ, keeping for convenience
the per-nucleon normalization, can be written as

FA
i ðx;QÞ ¼ Z

A

h�
1−CA

p

�
×Fp

i ðx;QÞþCA
p ×FSRCp

i ðx;QÞ
i

þN
A

h
ð1−CA

nÞ×Fn
i ðx;QÞþCA

n ×FSRCn
i ðx;QÞ

i
:

ð21Þ

In particular, for the isoscalar nuclei this implies, using
Eq. (9) and neglecting the (percent-level) deuteron correc-
tions, that

FZ¼N
i ðx;QÞ
FD
i ðx;QÞ

¼ 1þ CðZ¼NÞ
p

"
FSRCp
i ðx;QÞ þ FSRCn

i ðx;QÞ
Fp
i ðx;QÞ þ Fn

i ðx;QÞ − 1

#
: ð22Þ

This matches exactly with the FA
2 structure-function scaling

that was demonstrated to hold for nuclear-DIS data already
40 years ago in Refs. [11,22]. In Ref. [11] this scaling is
expressed for isoscalarized data (modifying the notation
slightly) as

FZ¼N
2 ðx;QÞ
FD
2 ðx;QÞ ¼ 1þ PexðAÞ½RexðxÞ − 1�; ð23Þ

where PexðAÞ is the probability of finding an exotic
component in the nucleus A and RexðxÞ is the ratio of
the Fex

2 structure function for the exotic component with
respect to that for an isoscalarized free nucleon. The
expressions on the right-hand sides of Eqs. (22) and (23)
are still subject to the rescaling invariance since the SRC
and exotic component probabilities can be scaled together
with the respective structure functions. Notably, when
extracting the A-dependence of PexðAÞ from experimental
data in Ref. [11], the normalization was fixed by hand,
setting Pexð4HeÞ ¼ 0.12 based on a multiquark cluster
model of the exotic component. However, it was stated
that the scaling property of Eq. (23) itself should not
depend on the normalization of PexðAÞ.
Reference [11] further notes that the A-dependence of

PexðAÞ can be derived from

FZ1¼N1

2 ðx;QÞ=FD
2 ðx;QÞ − 1

FZ2¼N2

2 ðx;QÞ=FD
2 ðx;QÞ − 1

¼ PexðA1Þ
PexðA2Þ

: ð24Þ

Intriguingly, it was noted in Ref. [11] that the best agree-
ment with the extracted A-dependence was reached within

the considered model if six-quark clusters were assumed as
the additional component, clearly resembling the local-
density picture of SRCs [23,24]. For the SRC abundances
we similarly find

FZ1¼N1

i ðx;QÞ=FD
i ðx;QÞ − 1

FZ2¼N2

i ðx;QÞ=FD
i ðx;QÞ − 1

¼ CðZ1¼N1Þ
p

CðZ2¼N2Þ
p

¼ CðZ1¼N1Þ
n

CðZ2¼N2Þ
n

: ð25Þ

As noted above, the coefficient ratios in Eq. (25) are
invariant under the rescaling in Eq. (11), as they should
since the left-hand side depends only on observable
quantities. It is thus possible to extract the A-dependence
of the abundance coefficient directly from data independ-
ently of the SRC PDF parametrization, but as we have
discussed above, not their normalization.
The scaling discussed above is the same as introduced in

Ref. [5] for the F2 structure function within the pn pair
dominance assumption, but with the lack of a direct relation
between the CA

p and CA
n coefficients for nonisoscalar nuclei,

we had to stick with isoscalar nuclei in the expressions.
Allowing for a nonzero SRC component in the deuteron,
Eq. (22) generalizes to

FZ¼N
i ðx;QÞ
FD
i ðx;QÞ ¼ 1þ

�
CðZ¼NÞ
p

CD
p

− 1

�
funivi ðx;QÞ; ð26Þ

where

funivi ðx;QÞ

¼ CD
p
FSRCp
i ðx;QÞ − Fp

i ðx;QÞ þ FSRCn
i ðx;QÞ − Fn

i ðx;QÞ
FD
i ðx;QÞ

ð27Þ

is, for i ¼ 2, the universal function introduced in
Refs. [5,6]. By introducing the pn pair dominance,
Eq. (26) further generalizes to all nuclei with

FA
i ðx;QÞ

FD
i ðx;QÞ ¼

2N
A

þ 2ðZ − NÞ
A

Fp
i ðx;QÞ

FD
i ðx;QÞ

þ
�
nApn
nDpn

−
2N
A

�
funivi ðx;QÞ; ð28Þ

which is the form presented in Refs. [5,6]. Notably,
funivi ðx;QÞ is invariant under the rescaling transformation,
and thus its extraction in Ref. [6] for the i ¼ 2 case could be
uniquely done. This follows from fixing the deuteron as the
reference nucleus, after which only ratios of the abundance
coefficients to those of the deuteron appear in the formulas
together with the universal function.
Importantly, due to the flavor independence of the

abundance coefficients, Eqs. (25), (26), and (28) hold
for all structure functions, and not only for F2 discussed
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in the earlier works [5,6,11,22]. References [8,9] appear to
be theory-level demonstrations of this scaling in the case of
neutrino-nucleus DIS, which was therefore suggested as a
test of SRC universality, but the limited amount of data for
this process makes it difficult to test in practice. The limits
of this scaling could be put to a stringent test in an extended
kinematic range with the EIC, where it becomes possible to
test it also for the longitudinal structure function and
charm-production DIS cross section [25]. In particular,
the two-component hypothesis, if taken literally, predicts
that Eq. (25) yields the same ratio for the FA

2 , F
A
L structure

functions and for the charm-production DIS cross section,
even at different kinematics (cf. Ref. [7]).

VIII. SCALING RELATIONS FOR
HADRON-NUCLEUS CROSS SECTIONS

Since the structure-function scaling extends to any cross
section with linear dependence on the nPDFs, it applies
also for hadron-nucleus (hþ A) collisions. The cross
section for producing a (semi-)inclusive final state
kþ X, σkþX

hþA ¼ P
i;j f

h
i ⊗ σ̂kþX

iþj ⊗ fAj , can thus be
written as

σkþX
hþA ¼ Z

A

h
ð1 − CA

pÞ × σkþX
hþp þ CA

p × σkþX
hþSRCp

i
þ N

A

h
ð1 − CA

nÞ × σkþX
hþn þ CA

n × σkþX
hþSRCn

i
: ð29Þ

One can see that this leads to a similar scaling relation

σkþX
hþA1

=σkþX
hþD − 1

σkþX
hþA2

=σkþX
hþD − 1

¼ CðZ1¼N1Þ
p

CðZ2¼N2Þ
p

¼ CðZ1¼N1Þ
n

CðZ2¼N2Þ
n

ð30Þ

for isoscalar nuclei as in the case of DIS structure functions.
This expression can, of course, be extended to include
nonisoscalarity and deuteron corrections, particularly in the
case of pn pair dominance. Very recently, the authors of
Ref. [10] suggested this scaling for the pion-nucleus Drell-
Yan (DY) processes, but we note that it extends to any
collinearly factorizable hadron-nucleus cross section linear
in nPDFs. Equations (25) and (30) relate directly, as a
consequence of the flavor-independent nuclear-mass
dependence, the scaling of DIS and hadronic cross sections
to each other. This uniform scaling appears to be consistent
with the limited amount of fixed-target DIS and DY data
available for the global fits, but could be tested in a wider
kinematical region by comparing future DIS data from the
EIC to DYmeasurements at the LHC, but only if a light-ion
program at the latter is realized with a variety of nuclei and
sufficient statistics.
For processes with a relatively weak isospin dependence,

such as jet production [26], one finds an approximate
scaling relation that holds also for nonisoscalar nuclei

σkþX
pþA

σkþX
pþp

≈ 1þ
�
Z
A
CA
p þ N

A
CA
n

��
σkþX
pþSRCp

σkþX
pþp

− 1

�
: ð31Þ

We thus see that the two-component approach predicts,
e.g., that

σdijetþX
pþPb =σdijetþX

pþp − 1

σdijetþX
pþO =σdijetþX

pþp − 1
≈

82
208

CPb
p þ 126

208
CPb
n

8
16
CO
p þ 8

16
CO
n

; ð32Þ

where the right-hand side is a constant that is independent
of the dijet kinematics and the nonisoscalarity corrections
to this ratio should be very small. This prediction could be
tested with the single-differential dijet-production meas-
urement that should be possible with the short pþ O run at
LHC [27], if the collision energies for pþ O, pþ Pb, and a
pþ p reference are matched by interpolation. Within the
pn pair dominance assumption the right-hand side of
Eq. (32) reduces to ðnPbpn=208Þ=ðnOpn=16Þ.

IX. ALTERNATIVE INTERPRETATION
OF EXTRACTED ABUNDANCE COEFFICIENTS

As we have discussed above, only the A-dependence
of the abundance coefficients can be meaningfully con-
strained in an nPDF fit. In addition, the two-component
parametrization is quite general and open for different
interpretations. The natural question to follow is then
whether the available experimental data give evidence of
an A-dependence that would be unique to the SRC
interpretation, or if some other model could explain the
extracted coefficients. To demonstrate this point, we enter-
tain the possibility that the modified nucleons in the two-
component approach do not necessarily come in SRC pairs,
but rather reside more likely in the center of a nucleus than
on its surface, irrespectively of the modification mecha-
nism. The fraction of modified nucleons in the nucleus
should therefore have a constant volume term and a surface
correction proportional to A−1=3.
In more detail, following Ref. [11], we define the central

region as the volume VC ¼ 4π
3
R3
C confined within a radius

RC ¼ R − T=2, where R ≈ 1.12 fm × A1=3 is the radius of
the nucleus and T is the approximately A-independent
surface thickness (proportional to the diffuseness parameter
of the Fermi distribution). Within this central region, the
nucleon density is approximately constant ρ0 ≈ 0.17 fm−3,
and the proton and neutron densities can be assumed to
follow their relative numbers in the full nucleus, ρp;C=ρ0 ¼
Z=A and ρn;C=ρ0 ¼ N=A (cf. Ref. [28]). The total number
of protons within the central volume is therefore

np;C ¼ ρp;CVC ¼ Z ×
ρ0VC

A
; ð33Þ

the remaining number being contained on the surface
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np;S ¼ Z − np;C ¼ Z ×

�
1 −

ρ0VC

A

�
; ð34Þ

and the fraction of nucleons in the central volume can be
approximated as

ρ0VC

A
¼ 4π

3

ρ0R3
C

A
≈ 1 −

3T
2 × 1.12 fm

A−1=3: ð35Þ

We now employ the assumption that the probability for a
proton being modified is different in the central region
(Pmod

p;C ) than on the surface (Pmod
p;S ). The total number of

modified protons is then

nmod
p ¼ Pmod

p;C np;C þ Pmod
p;S np;S

¼ Z ×

�
Pmod
p;C

ρ0VC

A
þ Pmod

p;S

�
1 −

ρ0VC

A

��
≈ Z × ðCV

p þ CS
pA−1=3Þ; ð36Þ

where the volume and surface-correction coefficients are

CV
p ¼ Pmod

p;C ;

CS
p ¼ 3T

2 × 1.12 fm
ðPmod

p;S − Pmod
p;C Þ: ð37Þ

Following the same reasoning for the number of modified
neutrons, and using the per-nucleon definitions of the
abundance coefficients CA

p ¼ nmod
p =Z, CA

n ¼ nmod
n =N, we

arrive with

CA
p ¼ CV

p þ CS
pA−1=3;

CA
n ¼ CV

n þ CS
nA−1=3: ð38Þ

A two-parameter fit to the CA
p values presented in

Ref. [2], neglecting their possible correlations, yields the
values CV

p ¼ 0.304 and CS
p ¼ −0.334 with a χ2 ¼ 7.27

figure of merit for 13 degrees of freedom. The fit results are
presented in Fig. 1 (left-hand-side plot), where we see that
this form indeed nicely describes the extracted CA

p coef-
ficients throughout the A range within the quoted uncer-
tainties. For the CA

n coefficients we cannot do the fit
as easily since Ref. [2] does not provide their errors
directly. It is, however, mentioned that the uncertainties
are similar in size, so as a crude approximation, we can
assume that the CA

n errors are exactly the same as the CA
p

errors, nucleus by nucleus. This yields CV
n ¼ 0.240 and

CS
n ¼ −0.213 with a χ2 ¼ 4.07, again nicely describing the

A-dependence.
One might be inclined to infer the central-region and

surface modification probabilities from the fitted values,
but as we have stressed above, the normalization of the CA

p,
CA
n coefficients is subject to the rescaling invariance, and

thus also that of the fitted volume and surface coefficients
can be changed arbitrarily. In fact, we should only study the
ratios of the abundance coefficients, e.g., with respect to a
single reference nucleus Aref . These may be written as

CA
p

CAref
p

¼ 1þ ð1 − rVp;Aref
Þ
��

A
Aref

�
−1=3

− 1

�
;

CA
n

CAref
n

¼ 1þ ð1 − rVn;Aref
Þ
��

A
Aref

�
−1=3

− 1

�
; ð39Þ

FIG. 1. A demonstration of the volumeþ surface term scaling of the abundances extracted in Ref. [2]. Left: Two-parameter fits to the
CA
p, CA

n coefficients. Right: One-parameter fits for the ratios CA
p=C

Aref
p , CA

n=C
Aref
n , and a comparison to spin-1pn contact-term ratios

obtained from coordinate-space extraction of two different ab initio QMC calculations in Ref. [19]. The possible correlations across
different nuclei are neglected in constructing the uncertainties in the ratios.
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where only one free parameter then remains for both
nucleon types, with the following relations for the protons
(neutrons),

rVpðnÞ;Aref
¼

CV
pðnÞ

CV
pðnÞ þ CS

pðnÞA
−1=3
ref

¼ 1

1þ 3T
2×1.12 fm

�
Pmod
pðnÞ;S=P

mod
pðnÞ;C − 1

�
A−1=3
ref

: ð40Þ

Fitting these parameters using the functional form in
Eq. (39) and the coefficient ratios obtained from Ref. [2]
with Aref ¼ 12, we obtain rVp;Aref

¼ 1.96 and rVn;Aref
¼ 1.64,

with χ2 values identical to the two-parameter-fit case. The
results are illustrated in Fig. 1 (right-hand-side plot). It
should be emphasized that only the ratios of surface and
central-region modification probabilities can be inferred
from this fit (already a model-dependent extraction), and
fixing their absolute size would require further input, just as
for the abundance coefficients in the SRC interpretation.
It appears that the abundances extracted in Ref. [2]

simply demonstrate the “unreasonably good” agreement of
the PDF nuclear modifications with the volume plus
surface term scaling even down to very low nuclear masses
[23]. Importantly, thanks to the work in Ref. [2], this
scaling is now derived from a global analysis of nPDFs,
within the two-component approach, in contrast to the
earlier analyses restricted to F2 structure functions. In
showing this scaling, we did not need to assume the
modified component to be of SRC origin. We thus note
that while it is possible to interpret the extracted CA

p, CA
n

coefficients as SRC-nucleon abundances, this is not the
only viable interpretation. Intriguingly, though, the modi-
fied-proton and neutron abundance coefficients appear to
have a different slope with respect to A, which in Ref. [2]
was interpreted as a consequence of a pn pair dominated
SRC component. However, the same apparent dependence
could also be an effect of an isovector mean-field modi-
fication [18]. A more detailed comparison of predictions
from these two models would therefore be warranted. For
completeness, we show in Fig. 1 (right-hand-side plot) also
a comparison to the generalized contact formalism results
from QMC calculations [19] in a similar fashion to Ref. [2],
but now in terms of the ratios with respect to a reference
nucleus. These are in a reasonable agreement with the
abundance-coefficient ratios extracted from Ref. [2], but a
definitive comparison would require extending the QMC
calculations to higher nuclear masses and reducing the
uncertainties in the nPDF global-analysis extraction.

X. CONCLUSION

Concluding, the nuclear modifications in PDFs may, or
may not, be caused by nucleon binding in SRC pairs. As
discussed in Refs. [2,3], it is a plausible explanation

particularly for the large-x EMC effect. Establishing this
as the correct interpretation is rather difficult since the
inclusive hard processes where PDFs are defined probe
only the partonic structure of nuclei without a direct
sensitivity to the lower scale nucleonic degrees of freedom,
and conversely the QE processes where the internucleon
dynamics can be accessed are principally indifferent of the
subnucleonic structure. To connect these phenomena,
Ref. [2] uses the SRC-motivated nPDF parametrization
given in Eq. (2). We credit Ref. [2] for taking this kind of a
two-component model to the PDF global-analysis level,
facilitating data comparisons beyond DIS observables as
performed in their fit. We nevertheless stress that the same
values of hard-process cross sections can be achieved either
with a small number of strongly modified SRC nucleon
pairs or with a large number of weakly modified pairs, and
due to the rescaling invariance shown above, it is not
possible to extract the CA

p, CA
n coefficients uniquely from an

nPDF fit. Their ratios CA1
p =CA2

p , CA1
n =CA2

n are invariant
under this rescaling transformation, though, which then
allows for extracting these ratios from a fit and testing
against the QE scattering data and nuclear theory predic-
tions. We thus argue that any evidence for the connection
between the SRCs and nuclear modifications of PDFs
should be derived only from the A-dependence of the ratios
of these coefficients, not from their absolute normalization.
We have further shown that the SRC-motivated

nPDF parametrization naturally yields (as anticipated
[22]) the FA

2 structure function scaling for isoscalar nuclei
found in Ref. [11], but—due to the flavor-independent
A-dependence—holds also for any other structure function
or cross section linear in nPDFs. The SRC two-component
hypothesis thus has predictive power and can be tested with
a variety of different nuclei and DIS cross sections at the
EIC. This nuclear scaling could also be tested at the LHC,
but only if a sufficiently broad light-ion program is realized.
While these scaling relations necessarily follow from
assuming the SRCs as the dominant cause for the nuclear
modifications of PDFs, the opposite might not be true, as
the two-component decomposition of the nuclear effects is
still quite general and open for different interpretations. The
relevant question then is whether SRCs predict a nuclear-
mass dependence of the nPDFs distinct from any other
explanation. With the global data and the extracted CA

p, CA
n

coefficients being currently equally well described in terms
of the SRC framework, or, as shown above, in any other
model with approximately volume plus surface correction
type scaling, clearly more work is needed to pin down the
mechanism behind the nuclear modifications of PDFs. A
possible way forward is to test the scaling behavior
predicted by the two-component assumption for a range
of observables and constraining the CA1

p =CA2
p , CA1

n =CA2
n

ratios, e.g., through the reformulated parametrization given
above for circumventing the rescaling problem, to a limit
precise enough to differentiate between models.
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